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ABSTRACT 

Passive thermal protection concepts are developed to improve 
the thermal performance of simple radiative surfaces in mobile, 
dusty, lunar environments. The concepts consist of secondary 
surfaces which shade the primary surface at high solar elevations, 
thus, lowering the maximum temperatures incurred. At low solar 
elevations, the secondary blocks radiation from the primary sur- 
face and thereby raises its minimum temperature. Optimization 
parameters for dual surface configurations are illustrated. 

Several methods of raising the minimum temperature of the 
primary surface at low solar elevations are discussed including 
solar powered heaters, variable area primary surfaces, glass 
covered high absorptance materials, and conical secondaries. 
Various means of lowering the maximum temperatures incurred by 
the basic dual surface design are described including multi- 
characteristic materials, conical secondary surfaces, and 
infrared radiation shields. 
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SYMBOLS 

A1 - area of t h e  primary su r face  

- unshaded a r e a  of t h e  primary s u r f a c e  

- a r e a  of t h e  secondary su r face  
A l x  

A2 

A2B - area of t h e  bottom of t h e  secondary s u r f a c e  

A2T - a r e a  of t h e  t o p  of t h e  secondary s u r f a c e  

- area of t h e  secondary su r face  exposed t o  l u n a r  a lbedo A2x 

AL 

D1 

D2 

Fi j  - geometr ic  view f a c t o r  r ep resen t ing  t h e  f r a c t i o n  of energy 

- a r e a  of t h e  luna r  su r face  

- diameter  of t h e  p r i m a r y  s u r f a c e  

- diameter  of t h e  secondary s u r f a c e  

r a d i a t e d  by s u r f a c e  i t h a t  is i n c i d e n t  on s u r f a c e  j .  Sub- 
s c r i p t s  i and j f o l l o w  t h e  same d e f i n i t i o n s  as those  f o r  
area above 

G - s o l a r  cons tan t  

H - he igh t  of t he  secondary s u r f a c e  

H - he igh t  of t he  s o l a r  panel 
P 

- r a t i o  of a r e a  j t o  a rea  i 

- apparent  displacement  of t w o  s u r f a c e  due t o  s o l a r  e l e v a t i o n  
ki j 
L 

P - i n t e r n a l  power d i s s i p a t i o n  

R1 - r a d i u s  of the  primary su r face  

R2 - r a d i u s  of the secondary s u r f a c e  

- r a d i u s  of the bottom of a con ica l  secondary s u r f a c e  R2B 

R2T - r a d i u s  of the t o p  of a con ica l  secondary s u r f a c e  

c1 - s o l a r  absorptance,  numerical s u b s c r i p t s  r e f e r  t o  s u r f a c e  
def ined  f o r  a r e a s  S 



B - angle between the side of a conical secondary and the 
horizontal 

E - emittance, numerical subscripts refer to surfaces defined 
for areas 

u - Stefan-Boltzman constant 
- transmittance in visible light spectrum 
- transmittance in the infrared light spectrum 

V 

IR 

T 

T 

0 - solar elevation 
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1.0 INTRODUCTION . 
I 

I 
~# 

The concepts of thermal protection developed in this report 

are the results of work relating to the design of a thermal pro- 

tection system for the Surface Electrical Properties (SEP) 

experiment scheduled to be flown as part of the Apollo 1 7  mission 

in 1972.  

The SEP experiment is essentially a depth sounding concept and 

includes a stationary transmitter and a mobile receiver carried on 

the Lunar Rover Vehicle (LRV). Several techniques have been 

developed to adequately protect stationary electronic equipment in 

the harsh lunar environment which ranges from -175OC at lunar 

night through -6OOC at dawn to +12S°C at noon. However, the ther- 

mal protection of mobile equipment is complicated not only by the 

changing solar orientation but also lunar dust which degrades 

radiative surfaces. Further, the SEP receiver which dissipates 

about 6 . 5  watts internally includes a tape recorder which requires 

that the package internal temperature be held between +5OC and 5OOC. 

A large "thermal mass" using wax in a totally insulated 

envelope can and has been used; however, this technique necessarily 

requires a relative large mass and limits the duration of continuous 

operation. This report discusses various configurations and 

techniques which minimizes the effects of both variable solar 

orientation and lunar dust. 

The NASA Manned Space Center has some preliminary information 

about how the radiative properties of various materials change with 



d u s t  cover and the  r e s u l t s  i n d i c a t e  that degrada t ion  of r a d i a t i v e  

s u r f a c e s  causes  t h e  solar absorptance and t h e  emi t tance  t o  change 

and u l t i m a t e l y  approach t h e  va lues  of t h e  luna r  su r face  ( a s  = .90, 

E= .85) .  I n  t h e  r e p o r t ,  second s u r f a c e  mirrors are used f o r  t h e  

r a d i a t i v e  s u r f a c e s  which w i l l  be  assumed t o  degrade wi th  d u s t  

accord ing  t o  t h e  d e s c r i p t i o n  va lues  given i n  Table  1.1. 

be  noted t h a t  i f  s u r f a c e s  o t h e r  than  second s u r f a c e  mirrors are 

used and t h e  r e s u l t s , c o n f i g u r a t i o n s ,  etc. ,  r e p o r t  he re  are, i n  

gene ra l ,  app l i cab le .  

I t  should 

I 

a E Fontaminat i o n  S 
j 
pone ( c l ean )  .085 .85 
I 

Table 1.1 

t 

Clean and Degraded Values used 
f o r  Second Surface  Mirrors 

~ 

.20 .85 

1 
bery  dus ty  .40 .85 

i r t y  .90 .85 . 
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2.0 FUNDAMENTALS OF SIMPLE RADIATIVE SURFACES 

. 

2.1 Equilibrium Equations 

A basic thermal model for an experiment dissipating power 

through a radiative surface is shown in Figure 2.1. The equilibrium 

equation for this configuration may be written as: 

internal power solar energ 

] + [absorbed 3 
P - - 4 UET A 

2 where G = solar flux (130 watts/ft ) 

+ GasA sin (0) (2.1) 

P = internal power dissipation (watts) 
watts 

0 = Stefan-Boltzmann Constant (. 527~10-~ ft2- (OK) 4 )  

a = solar absorptance of radiative surface 
(see Table 1.1) S 

E = emittance of radiative surface (.85) 

A = area of radiative surface (ft ) 2 

0 = solar elevation 

T = equilibrium temperature of radiative surface (OK) 

2.2 Performance of Simple Radiative Surface and Comparison 
to Requirements 

From Equation 2.1, the temperature of the radiating surface 

of the basic model as a function of sun elevation and surface con- 

ditions for two different ratios of P/A is shown in Figures 2.2A 

and 2.2B. 

Because the tape recorder limits the minimum and maximum 

allowable temperature for the SEP receiver to 5OC and 5OoC 



c 

radiated surface 
( assumed hor i z ont a1 ) 

insu la t ion  

lunar surface 

Figure 2 . 1  

B a s d c  Model f o r  Lunar Experiment 
with Simple Radiative Surface 
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8 

respectively, the results of Figures 2.2A and 2.2B indicate that 

in order to meet the thermal requirements, it is necessary, as 

indicated qualitatively in Figure 2.3, to both raise the tempera- 

ture at low sun elevations and lower it at high sun elevations. 

The following chapters develop concepts which achieve these goals. 
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Figure 2.3 

Thermal Performance of Basic Simple 
Surface Model with Desired Improvements 
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3.0 PLANAR DUAL SURFACE SYSTEMS 

3.1 General 

A planar dual surface configuration will improve the thermal 

performance of the simple single radiative surface model of Figure 

2.1, The basic configuration for the dual surface design consists 

of two parallel flat surfaces as shown in Figure 3.1. 

section, only flat plate secondary surfaces are discussed while 

Section 4 . 0  considers more complex secondary geometries. 

In this 

3.2 Rachinonal for the Dual Surface Concept 

A comparison of performance between the single and dual sur- 

face configurations is made in order to determine the relative 

thermal performance of the two configurations at high and low sun 

elevations. The method used in this comparison is to instantaneously 

create a second surface above the original single surface and examine 

the energy transfer from both surfaces to the surrounding medium 

at the instant of transition. For convenience, the energy trans- 

fers for the primary surface are based on the assumption that the 

temperature of the secondary is initially at the same temperature 

as the primary surface (see Figure 3.2). 

secondary is then shown to be consistent with the thermal 

inequalities shown for the primary surface. 

The temperature of the 

3.2.1 Low Solar Elevations - Consider a single radiative 
surface (Figure 2.1) at zero degrees solar elevationr Solar energy 

is not incident on either the lunar surface or the radiating surface, 



secondary s u r f  ace 

primary s u r f a c e  

in su  1 a t  ion 

l u n a r  s u r f a c e  

F igure  3.1 

B a s i c  Model for  Lunar Experiment 
w i t h  Dual Surface  Conf igura t ion  



1 2  

thus ,  a t  t h i s  e l e v a t i o n  t h e  s o l a r  energy absorbed per  u n i t  t i m e  i s  

independent of t h e  s u r f a c e  degradat ion.  

s u r f a c e  i s  d i s s i p a t i n g  i n t e r n a l  power, t h e  r a d i a t i n g  s u r f a c e  

equ i l ib r ium temperature  (T1) i s  greater than  t h a t  of t h e  surround- 

i n g  l u n a r  s u r f a c e  (TL). 

Because t h e  r a d i a t i n g  

The energy t r a n s f e r s  f o r  a dua l  s u r f a c e  conf igu ra t ion  a t  t i m e  

Now r e f e r r i n g  t o  Figures  3.2 and 3.3, tl are shown i n  F igure  3.3. 

it is  known t h a t  qa = qc + qd a t  t i m e  to because t h e r e  i s  no absorp- 

t i o n  of solar energy. A t  t i m e  tl, t h e  primary s u r f a c e  of t h e  d u a l  

s u r f a c e  model r a d i a t e s  t h e  same q u a n t i t y  of energy s i n c e  it i s  s t i l l  

a t  temperature  T1. 

fer f o r  t h e  primary sur face :  

t h a t  a t  t i m e  to, qa = q 

qa + qb > qc + qd fol lows and, t h e r e f o r e ,  t h e  primary s u r f a c e  

absorbs more energy than it i s  emi t t i ng .  Thus, temperature  of t h e  

primary s u r f a c e  must i n c r e a s e  ( h e a t )  i n  reaching a new equ i l ib r ium 

( fo r  any f i n i t e  temperature  of t h e  secondary s u r f a c e ) .  

There a r e  only f o u r  components of energy t r a n s -  

It  i s  known d o  qa, qb, qc, and q 

+ qd and t h a t  qb 7 0. Thus, t h e  i n e q u a l i t y  
C 

For t h e  secondary s u r f a c e  qe = qf s i n c e  T1 = T2 a t  t i m e  tl. 

Also, as noted previous ly ,  T2 > TL and, hence,  q 

t i o n  qi > 0 and, t h e r e f o r e ,  a n e t  energy t r a n s f e r  t o  space and t h e  

l u n a r  s u r f a c e  must occur. Accordingly, t h e  secondary must cool i n  

r each ing  a new equi l ibr ium. 

> qh. I n  addi- 
57 

The n e t  energy t r a n s f e r  f o r  primary and secondary s u r f a c e s  

a t  t i m e  tl wi th  zero  degree solar e l e v a t i o n  are shown i n  F igu re  3.4.  
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t i m e  = 

s i n g l e  surf ace 
model 

t i m e  = tl 

d u a l  s u r f a c e  
model 

Figuse 3.2 

Ins tan taneous  Trans i t i on  from S ing le  Surface  
t o  Dual Surface  Model 

I secondary su r face  ___ 

'"1 rc/ qd 

primary su r face  

ga 
t 

Figure  

Energy Trans fe r s  for  

= i n t e r n a l  p o w e r  d i s s i p a t i o n  qa 
qb = i n f r a r e d  r a d i a t i o n  (IR) 

absorbed from secondary 

qc = I R  r a d i a t e d  t o  secondary 

qd = I R  r a d i a t e d  t o  space  

= I R  r a d i a t e d  t o  primary qe  
qf = I R  r a d i a t e d  f r o m  primary 

= I R  r a d i a t e d  t o  luna r  s u r f a c e  
q9 
qh = I R  absorbed from luna r  sur face  

q i  = I R  r a d i a t e d  t o  space 

3 . 3  

Dual Surface  Model 
a t  I n s t a n t  of Trans i t i on  
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I secondary s u r f a c e  

primary s u r f a c e  

F igure  3 . 4  

N e t  Energy Transfers  f o r  Dual Sur face  Model 
a t  T i m e  tl, Zero Degree Solar Eleva t ion  

t I secondary s u r f a c e  

I‘l” p q .  

primary s u r f a c e  

q a  
t 

Figure  3.5 
Energy Transfers  f o r  Dual Sur face  
M o d e l  a t  T i m e  tl, 

I secondary s u r f a c e  

/ primary s u r f a c e  

F igure  3.6 

Net Energy Transfers  f o r  Dual 
Sur face  Model, D i r t y  Condit ions 
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, -  3.2.2 High So la r  Eleva t ions  - The r a d i a t i v e  s u r f a c e s  

of both t h e  s i n g l e  s u r f a c e  and d u a l  s u r f a c e  models absorb solar 

energy a t  high sun e l e v a t i o n s  and i n  t h i s  s e c t i o n  w e  cons ider  t h e  

t w o  l i m i t i n g  cases of s o l a r  absorptance f o r  t h e s e  su r faces ;  t h e  

is ,  (1) completely contaminated s u r f a c e s  wi th  high solar absorptance,  

and ( 2 )  c l e a n  s u r f a c e s  wi th  low s o l a r  absorptance.  

3.2.2.1 D i r t y  Surface  Condit ions - Again, cons ider  

t h e  in s t an taneous  t r a n s i t i o n  f r o m  a s i n g l e  s u r f a c e  i n t o  a dua l  sur-  

f a c e  model. Under d i r t y  condi t ions ,  w e  assume t h a t  t h e  s i n g l e  sur -  

f a c e  c h a r a c t e r i s t i c s  are i d e n t i c a l  t o  t h e  luna r  s u r f a c e  and s i n c e  

P/A > 0 ,  w e  know t h a t  a t  t h e  t r a n s i t i o n  t i m e  tl, T1 = T2 > TL. 

F igu re  3.5 shows t h e  energy t r a n s f e r s  f o r  both s u r f a c e s  a t  t i m e  tl 

where qa through qi a r e  def ined as i n  Figure 3.3 and q 

energy absorbed by t h e  secondary. 

is  t h e  solar 
j 

Consider ing t h e  primary su r face  of F igure  3.5, i f  t h e  separa- 

t i o n  of t h e  s u r f a c e s  approaches zero  then qd -t 0 such t h a t  qc 

becomes t h e  to ta l  emi t ted  energy from t h e  primary and qb equals  t h e  

solar abso rp t ion  which i s  c o n s i s t e n t  w i t h  a s i n g l e  s u r f a c e  where 

t h e  s e p a r a t i o n  is  equal  t o  zero and t h e  equi l ibr ium equat ion  i s  

- qa + qb - qc + qd (where qd = 0) 

As t h e  s e p a r a t i o n  d i s t a n c e  i s  inc reased ,  qd becomes l a r g e r ;  i .e.,  

t h e  primary "sees" more 3'K space and i n  a d d i t i o n  , qb becomes 

smaller because some of t h e  emitted energy from t h e  secondary i s  

no longe r  i n c i d e n t  on t h e  primary su r face .  ( N o t e  t h a t  t h e  above 

is  t r u e  only i f  t h e  temperature  of t h e  secondary does n o t  i nc rease  
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after separation to compensate for the decreased coupling of the 

two surfaces. The following paragraph demonstrates that the secon- 

dary actually cools.) 

separation then we know that 

With qd and qb decreasing with increasing 

(qa + qb < qc + qd) Or 

the energy absorbed is less than the energy emitted at time tl and 

the primary must cool in reaching a new equilibrium. 

For the secondary surface at the instant of transition (Figure 

3.5) qe = q 

shown that qi 7 qj by examining the equilibrium condition for the 

single surface: pnergy ] = [""'"r energy] + [ internal power 

because T1 = T2, and qh < qg since T2 > TL. It can be f 

1 radiated absorbed dissipation 

qi ( 3  . 3 . 2.1) qa + 
'j 

- 
Thus, qi > qj for P/A > 0. 

is a net energy transfer to space and the lunar surface, thus, the 

At the instant of transition, there 

secondary must cool in reaching a new equilibrium. 

The net energy transfers for primary and secondary surfaces 

at the time of transition are shown in Figure 3.6 

3.2.2.2 Super-clean Surface Conditions - Although 
a in this report the minimum E: ratio is assumed to be -10, it is 

convenient for purposes of conceptually developing the dual surface 

model to define a "super-clean" surface with - = 0. Such a sur- 

face absorbs no solar energy ( a S  = 0) but does absorb IR radiation 

( E  = -85) and, therefore, the equilibrium of the single surface 

model will depend solely on the P/A ratio. 

desired temperature may be achieved by increasing or decreasing 

a 

E 

S 

In principal any 
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. 

the area of the radiative surface of the model but here where the 

object is to protect the electronic components from excessive 

temperatures less than the 125OC lunar surface. At 0 = 9 0 ° ,  then 

Energy transfers for primary and secondary surfaces were L' T1 < T 

defined as in Figure 3.5. The only difference between the analysis 

of super-clean and dirty surfaces is that because there is no solar 

absorptance and there is internal power dissipation then T1 < TL. 

For the primary surface of the dual surface model, we know that 

x 0, there qa - - qc + qd (no absorption of solar energy) and since q b 
is a net energy transfer into the primary and; accordingly, the 

primary surface must heat in reaching a new equilibrium. 

For the secondary surface q = 0 and qe = qf. Because T2 < TL, 
j 

> 0. The quantity (qh - q ) is dependent on 
9 qg < qh' qi 

the separation of the plates and the temperature T2. 

dependent solely on P/A, the change in secondary surface temperature 

is dependent on separation and P/A. 

Since T2 is 

Mathematically, 

qi = O E ~ T ~ ~ A ~  = P (single surface equilibrium equation) (3.1) 

where = emittance of lunar surface (.85) 

= emittance of secondary surface ( E ~  = E ~ )  

T2 = temperature of secondary surface 

TL = temperature of lunar surface 

A2 = area of secondary surface 

F2L = geometric view factor representing fraction of energy 
emitted from secondary that is incident on lunar surface 
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Assuming that the lunar surface temperature may be approximated by 

IGa, sin ( 0 )  
ir TL = f 

L Q E  
(3.2.2) 

where ctL is the solar absorptance of the lunar surface then 

(3.2.3) (qh - qg) = (GaL - P/A)F2LA~2 
The secondary heats for 

< (qh - q ) which may be rewritten using equations 3.1 
and 3.2. qi 

P < (GaL - P/A)F2LA~2 

Ga LF 2 LE 2 
< 1+F2LE2 

Equation 3 . 3  is true for small values of the 

the view factor F2L does not approach zero. This 

isfied for all of the configurations discussed in 

(3.2.4) 

(3.3) 

ratio P/A provided 

condition is sat- 

this study. The 

following parameters typically apply to all configurations: 
2 P/A = 6.5 wt/ft 
2 G = 130 wt/ft 

FZL = .55 

= cL = .85 

CYL = .90 

Substituting these values into Equation 3.3, results in the 

inequality 6.5 < 35. Thus, the secondary would heat in reaching 

the new equilibrium. 

The net energy transfers for primary and secondary surfaces 

at the instant of transition is shown in Figure 3.7. 
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r secondary surf ace 

c 

primary surface 
Figure 3 . 7  

Net Energy Transfers for Dual Surface 
Model, Super-clean Conditions 

LEGEND 

- solid curves 
I represent 
1 thermal per- 

1 a single 
I surface design 
I 

formance of 

- dotted arrows 
represent effect 
of adding a secon- 
dary surface to a 
single surface 

solar elevation design 

Figure 3 . 8  

Qualitative Improvement of Dual Surface 
Model Relative to Single Surface Model 

r D2 I 2 P/A = 13 watt/ft 

'f S/Dl = . 4 0  

S D2/D1 = 1.0 

. 

Figure 3.9 

Basic Dual Surface Configuration, Example No. 1 
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c 3.2.3 Summary - At low sun elevations,the dual surface 
design raises the primary surface temperature relative to that of 

the single surface model. 

design lowers the primary surface temperature for dirty conditions 

and raises the temperature for clean conditions relative to the 

single surface model. 

Figure 3.8. 

At high sun elevations, the dual surface 

The qualitative result is indicated in 

3.3 Dual Surface Performance 

In this section the basic thermal equilibrium equations are 

developed and used to numerically demonstrate the thermal performance 

of the dual surface configuration. 

3.3.1 Assumptions f o r  Equations - Six assumptions are 
made in developing the equilibrium equations: 

1. 

2. 

3. 

4. 

5. 

There is no energy transfer through the insulation 
on the sides and bottom of the experiment package. 

All surfaces are isothermal. 

All surfaces are diffuse (Lambert's Cosine Law). 

Nearly all of the IR radiation is absorbed by the 
surface it is incident upon and a large fraction of 
the remainder is reflected away from the configuration. 
This is a good approximation because we are dealing 
with high emittance surfaces and geometric view fac- 
tors in the configurations considered is generally 
less than unity. 

Lunar albedo is diffuse. For computation purposes, 
albedo is included in the lunar IR term. This is 
acceptable because in the configurations to be con- 
sidered, it yields a conservative estimate of thermal 
performance. 
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6. The primary radiative surface is assumed to remain 
level with respect to the lunar horizon and the 
lunar surface is assumed to be flat. This allows 
solar elevation to be measured relative to either 
the experiment package or the lunar horizon and 
the lunar surface temperature to be calculated as 
a simple function of solar elevation. 

3.3.2 Thermal Equilibrium Equations - The equilibrium 
equations for the dual surface configuration of Figure 3.1 (page 

11) may be written as follows: 

Equilibrium of the primary surface: 

energy 3 + rnternal J + [ secondary IR 
dissipation absorbed 1(3.1) 

(3.2) uslAlTl 4 = Gasl sin(0)Alx + P + ac2A2F21T2 4 

Equilibrium of the secondary surf ace.: 
- 

solar i + polar energy 
absorbedA from primary surface 

radiated 

+ lunar albedo 
absorbed C absorbed 1 (3.3 ) 
os22A2T2 4 = Gas2sin(0)A2 + G(l-asl)sin(0)Alx 

+ G(l-uL)sin(0)A2x + ucLALFL2TL 4 c 2  

I -  

4 
+ uE1A1F12T1 &2 (3.4) 

I -  

where Alx = the unshaded area of the primary surface (see Appendix A). 

A2x = the area of the secondary exposed to lunar albedo 
(not used in numerical computations since albedo 
is included in lunar IR term). 

F12, Fair and FZIL are geometric view factors calculated 
as follows (see Reference 4 ) .  



2 2  F12 = 1/2 (X - A x 2  - 4 E D  ) 
2 2  x = 1 + (1+E )D 

D = 2S/D1 

E = D2/(2S) 
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(3.5) 

I 
F21 = 5 F12 (Reciprocity Law for view factors) (3.6) 

F2L = 1 - Fal (Summation Law for view factors) (3.7) 

Note that the view factors are explicit functions of the 

ratios S/D1 and D2/D1. 

Equations 3.2 and 3.4 may be normalized by defining constants 

and k2x as follows: k12' 5x' 

A2 = k12A1 
= k  A Alx lx 1 ( 3 . 8 )  

= k  A = k  k A A2x 2x 2 2x 12 1 

Alsb, the Reciprocity Law for view factors allows the following 

substitution to be made: 

A2F2L = ALFL2 (3.9) 

Substituting equations 3 . 8  and 3 . 9  into equations 3.2 and 3.4 and 

dividing by A1, the only term involving area is the term P/A1 in 

equation 3.2. All other terms contain only the "k" constants which 

are dependent on relatiye dimensions. The significance of this 

normalization is that the dual surface configuration may be scaled 

to any power level by increasing its size. Since the scaling term 
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is an area, linear dimensions of a particular design increase as 

the square root of the ratio of power levels. 

ing the power level from 6.5 to 650 watts would require scaling the 

(For example, increas- 

linear dimensions of the design by a factor of 10.) 

The resultant normalized equations are: 
4 F T  4 

aEITl = Gaslsin(0)klx + P/A1 + ue2k12 21 (3.10) 

4 
oc22k12T2 = Gas2sin ( 0 )  k12 + G (l-as2) sin ( 0 )  klx + 

(3.11) 4 4 F T E + U E F  T E G(1-aL)sin(0)k12kZx + 2L 1 1 2 1  2 

Equations 3.10 and 3.11 may be solved explicitly for the 

equilibrium temperature of the primary surface. 

Ir 1 
Gaslsin(0)klx + I 2 = 11 u~~(2-F 21 E 1 crF 12€2) 

P/A + F12 2 €1 [Gus2sin (0) k12 + G (1-as2) sin ( 0 )  klx 

+ G (l-aL) sin (0) kl2kZx 
-J 

Since the view factors are explicit functions of S/D1 and D2/D1, 

the temperature of the primary surface may be written as: 

where zl, z2, . . . z are constants containing G ,  n 

E, etc. 
S '  

a 

Equation 3 . 1 3  is used as the basis for subsequent discussion of 

optimization parameters for the dual surface configuration. 



24 

3.3.3 Typical Dual Surface Configuration - Before pro- 
ceeding with the optimization of the dual surface design, it is 

informative to present two simple examples that demonstrate the 

thermal performance of typical configurations. The configuration 

for example No. 1, shown in Figure 3.9, represents an initial esti- 

mate of possible design parameters for the SEP receiver. The para- 

meter P/A = 13 watts/ft represents a compromise between allowable 

physical size of the experiment package and required area to dissi- 

pate internal power. The separation parameter S/D1 is large enough 

to reduce secondary IR absorbed by the primary surface but small 

enough to shade the primary at high solar elevations which result 

in excessive temperatures for unshaded surfaces. The parameter 

D2/D1 is set equal to unity for the first example. 

2 

The temperature of the primary surface for example No. 1 is 

plotted as a function of solar elevation and surface degradation 

in Figure 3.10. 

3.3.4 Observations - Several important conclusions can 
drawn from Figure 3.10. 

1. The minimum temperature for the dual surface design 
is higher than for the single surface design (Figure 
2.2A) but still falls below the dnimm allowable 
temperature for the SEP receiver (5OC). 

2. The maximum temperature does not occur at 0 = 90°. 
Instead, the temperature of the primary surface 
actually decreases at high sun elevations because 
the secondary surface is providing more shade. The 
decrease in primary surface temperature at high solar 
elevations is limited by the fact that the secondary 
is absorbing more energy from the lunar surface and 
the sun. Some of this absorbed energy is reradiated 
to the primary surface partially compensating for the 
shading provided by the secondary. 
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3 .  

4 .  

The primary surface temperature shows less sensi- 
tivity to dust degradation than for the single 
surface design. 
design with P/A = 1 3  wt/ft fluctuated over a 
range of 143OC (at 0 = 90') due to dust degrada- 
tion of the radiative surface. The primary surface 
in a dual surface design under identical circumstances 
varies only 55OC. 

The tempe3ature single surface 

The maximum temperature of the primary surface in 
a dual surface design is lower than the maximum 
temperature for a single surface design. Actually, 
the maximum temperature fo r  this example under very 
dusty conditions only exceeds the maximum allowable 
temperature for the SEP receiver (50OC) by 6OC. 

3.3.5 P/A Parameter for the Dual Surface ConceDt - An 
extremely important parameter for radiative surface thermal pro- 

tection systems is the value of the ratio P/A. The results of 

equation 3 . 1 2  may be reduced to an equation of the form 

T1 = 4 C1 + C2(P/AI) (3.14) 

where C1 and C2 are functions of constants other than P/A1. 

Therefore, for a given power leve1,increasing the area decreases 

temperatures at all sun elevations. As the area becomes very 

large, the increase in area has less and less effect and the thermal 

performance approaches that of a configuration with no internal 

power dissipation. 

Example No. 2 demonstrates quantitatively the effect of chang- 

ing the value of P/A by decreasing the value of P/A in example NO. 

1 to 6.5 watts/ft . The temperature of the primary surface for 

example No. 2 is plotted in Figure 3.11 as a function of solar 

elevation and surface degradation. 

2 
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Note that the minimum temperature of the primary surface 

decreased more than does the maximum temperatures. Zf the para- 

meter P/A is used to decrease maximum temperatures, the physical 

size of the configuration must be increased and it becomes more 

difficult to maintain minimum operating temperatures at low solar 

elevations. 

3.3.6 Optimization of Parameters S/D1 and D2/D1 - The 
performance of the dual surface configuration may be improved by 

optimumizing values for the parameters D2/D1 and S/D1. 

3.12 shows the relation of the minimum and maximum temperatures 

Figure 

of the primary surface to the variable S/D1. The results were 

generated by iterating the parameter S/D1 in equation 3.12 for 

all solar elevations and noting the minimum and maximum temperature 

for each iteration of the separation parameter. 

the value S/D1 = .25 yields the lowest maximum temperatures and 

highest minimum temperatures for P/A = 13 watts/ft and D2/D1 = 

1.0. 

changes not only the maximum temperature incurred by the primary 

surface but also the solar elevation at which the maximum 

From Figure 3.12, - 

2 

It is important to note that changing the parameter S/D1 

temperature will occur. 

Figure 3.13 is generated in a manner similar to Figure 3 . 1 2  

and shows the relation of minimum and maximum primary surface 

temperatures to the variable D2/D1 with P/A = 13 watts/ft2 and 

S/D1 = .25. The parameter D2/D1 is not nearly as significant as 

the parameters P/A and S/D1 as seen from the flatness of the curves 
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in Figure 3.13. 

thermal performance of example No. 1 by lowering the maximum 

temperature by one or two degrees centigrade. 

A value of D2/D1 = 1.1 slightly improves the 

The chief significance of parameters S/D1 and D2/D1 are that 

they effect the tradeoff between the amount of direct solar energy 

absorbed and reradiated IR energy. As the separation of the sur- 

faces in a dual surface design is decreased, two effects tend to 

lower the temperature of the primary surface: i) the primary is 

more shaded from solar flux, and ii) the secondary absorbs less 

lunar IR. At the same time, however, the view factors F12 and F21 

increase tending to raise the temperature of the primary surface. 

Conversely, if the separation is increased, the view factors are 

decreased and the primary surface is exposed to more solar energy. 

Increasing D2/D1 causes the primary surface to be shaded more 

quickly as the solar elevation changes as shown in Appendix A but 

it also allows the secondary to absorb more energy in the form 

of lunar IR and solar flux. 

Example No. 3,which is shown in Figure 3.14, incorporates the 

results of Figures 3.12 and 3.13 and represents an optimum design 

for the planar dual surface design. The thermal performance of 

example No. 3 is plotted in Figure 3.15. The effects of optimiza- 

tion may be seen by comparing the thermal performance of example 

No. 1 and example No. 3 (Figures 3.10 and 3.15). The maximum 

temperatures have been lowered and the temperatures at very high 

sun elevations have been raised slightly. The result is a flatten- 

ing of the thermal curves with a resultant lower maximum temperature 

and higher minimum temperature. 
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Figure 3.14 
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Optimum Values of S/D1 and D2/D1 
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The maximum temperature for very dusty conditions is 53OC 

which is only 3' above the allowable maximum for the SEP receiver. 

The minimum temperature is -31OC which is much too low but it 

should be noted that this temperature rises quickly to 6OC at 25' 

solar elevation under clean conditions. Thus, for applications not 

requiring operational temperatures at low solar elevations such a 

design would be acceptable. Section 5.0 discusses several methods 

of raising minimum temperatures at low solar elevations. 

- 

3.4 Multi-Secondary Configurations 

It has been shown that the dual surface design did help to 

heat the lower surface (primary) at low solar elevations and cool 

it under dirty conditions at high solar elevations. Accordingly, 

there is no a priori reason that a third, fourth, fifth, etc., 

parallel plate arrangement could not be added whereby each helped 

to control the temperature of the surface below it as shown in 

Figure 3.16. 

A systematic computer iteration of key parameters for multi- 

secondary configuration of Figure 3.16 showed only marginal poten- 

tial for improvement of primary surface thermal performance and; 

therefore, a discussion of equilibrium equations and optimization 

parameters are omitted. However, for the sake of completeness, 

the results are included as example No. 4. 

The configuration of example No. 4 is shown in Figure 3.17. 

It is identical to example No. 1 except that an additional flat 
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Figure 3.16 

Multi-Secondary Configuration 

2 P/A = 13 watt/ft PD3i r 
= D2 = D1 D3 

S/D1 = . 4  

Multi-Secondary 

I S  

Figure 3.17 

Configuration, Example No. 4 
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plate has been added above the original secondary. The thermal 

performance of example No. 4 is shown in Figure 3.18. Relative 

to example No. 1, the multi-secondary configuration has a slightly 

higher (approximately 3OC) minimum temperature, a slightly higher 

maximum temperature, and a much lower (approximately 3OoC) tempera- 

ture of the primary surface at high sun elevations. The effect 

of the extra surface is to accentuate the "hump" in the thermal 

performance curve of example No. 1 

Example No. 4 is not a truly optimum design for a multi- 

secondary configuration. Numerical results did indicate that an 

optimum design is capable of slightly improving thermal performance 

at all solar elevations although the reduction in maximum tempera- 

ture of the primary surface is only a few degrees centigrade. 
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4 . 0  CONICAL SECONDARY SURFACES . 

. 

4.1 Introduction 

Basically, the performance of the planar dual surface con- 

figuration can be improved by raising the minimum temperature of 

the primary surface at low solar elevations and lowering the max- 

imum temperature of the primary surface which, in general, occurs 

at about 30 to 4 5  degrees solar elevation. In this section, we 

discuss a conical secondary surfaces to achieve this objective. 

Consider the dual surface configuration shown in Figure 4.1. 

At low solar elevations, as illustrated in Figure 4 . 2 ,  one side of 

the cone absorbs solar energy whereas a flat plate secondary does 

not. On the other hand at high solar elevations the effective 

absorbing area of the cone is the same as that for a flat plate. 

The net result is a higher minimum temperature for the primary 

surface at low solar elevations. However, the radiative area of 

the conical surface is much greater than the surface area of a 

flat plate and, in addition, the conical surface absorbs lunar IR. 

It will be shown both analytically and quantitatively that at high 

solar elevations the increase in radiative area is more significant 

than the increase in absorption of lunar IR and this results in a 

lower maximum temperature of the primary surface. 

4 . 2  Analytic Development, Hiqh Solar Elevations 

The following brief analytic development serves to demonstrate 

the physical mechanism by which conical secondaries improves upon 
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Figure  4.1 
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F igure  4 . 2  
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upper s u r f a c e  Af 
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Figure  4 . 3  

Upper and Lower Secondary Surface  
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c the performance of the flat plate secondary and also provides a 

check on the consistency of the computer results which are described 

in Section 4.4. 

Conical and flat plate secondaries may be compared at a given 

solar elevation by considering only the energy transfers taking 

place on the upper secondary surface. 

"upper" and "lower" secondary surfaces in this context is defined 

in Figure 4.3. 

The distinction between 

Figure 4.4 shows a conical secondary insulated on the bottom 

so that energy transfers of the upper surface alone maybe considered. 

For 8 = 180°,this secondary becomes a flat plate and for B = 9 0 ° ,  

it becomes an infinite cylinder. The thermal equilibrium equation 

f o r  this conical surface allows direct comparison of flat plates, 

cones, and cylinders as means of controlling secondary surface 

temperatures at a given solar elevation. 

The thermal equilibrium equation for Figure 4.4 is 

solar energy 1 
~ ~ ~ ~ ~ ~ e d ]  = [ absorbed + 

where FZTL is the geometric view factor representing the fraction 

of energy emitted by the upper conical surface that 

is incident on the lunar surface. (Note that equation 

= A  F in Reference 4 ) .  4.1 uses the identity ALFL2T 2T 2TL 
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Figure 4 . 5  

Optimum Dual Sur face  Conf igura t ion  
w i t h  Conical Secondary, Example N o .  5 
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T2 = TL 
R2 ( a 2 - 1 / 2  E 2 )  + 1/2 E 2  

L J 

41 I 

I 

(4.2) 

where aL = 1.0 

IGa, sin (0) 
u and TL 1 
0 EL 

From equation 4 . 2 ,  as the value of H becomes very large, the 
R, 

(a2-1/2 c 2 )  approaches zero. This quantity may L quantity 

approach zero from the positive or negative side depending on the 

values of a2 and c 2 .  For highly degraded surfaces, a2  > 1/2 

and the expression is always positive. Under these circumstances, 

T2 is a minimum for large values of H. 

faces (a2 < 1/2 c 2 )  T2 is a minimum for H = 0 .  

Conversely, for clean sur- 

The physical mechanism that allows T2 to be minimized is the 

radiative surface area which contributes the term,/-- to the 

denominator of equation 4 . 2 .  For a-B - < 0 - > B ,  the conical secondary 

absorbs the same amount of solar energy as a flat plate but has a 

larger radiative surface area. The conical secondary also absorbs 

more lunar IR but the increased absorption is not as significant 

as the increase in radiative power. 

Equation 4 . 2  cannot be used to compare the overall thermal per- 

performance of conical secondaries since the restriction 0 > IT - 6 
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R- 

A2T = (total conical surface area) 

= n R 2 / V  

= (effective absorbing area of a cone) Aeff 

( 4 . 2 B )  

Substitution of equations ( 4 . 1 A )  ( 4 . 1 B )  , and ( 4 . K )  in ( 4 . 1 )  gives 

aE2T2 4 ~ R 2  /- = Ga2rRZ2sin (0) 

( 4 . 1 . 4 )  

In ( 4 . 1 . 4 ) ,  the term ocLTL4 represents lunar emission per unit 

area which under thermal equilibrium is the same as solar absorp- 

tion per unit area by the lunar surface. 

= ~a sin 0 L Mathematically, U E ~ T ~  

where a = lunar absorptivity L 

( 4 . 1 D )  

Substituting ( 4 . 1 D )  in ( 4 . 1 E )  and solving for T 2 ,  we get 

1 GrR2sin(0) R 2 a 2 f a L , / F  2 2  1 / 2  E2-aLZR2E2 1 
T24 = 

O E  ITR 2 2  

L J 
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omits low solar elevations from consideration. For cones with 

large values of H, the omitted values of solar elevation become 

quite important since the omitted elevations include those at 

which the maximum temperatures of the primary surface occur. A 

rigorous analysis, value at all solar elevations, requires the use 

of a general treatment for the effective absorbing area of a coni- 

cal surface (Aeff) which is given in Appendix B. 

of conical secondaries using a general formulation for Aeff is 

much more complex than the preceeding analysis which has been 

restricted to IT - B < 0 < B .  For this reason the general analysis 

will be carried out numerically on a computer. The necessary 

equilibrium equations for the general comparison are given in 

The comparison 

- - 

Section 4 . 3  and the conclusions based on the computer results are 

presented in Section 4 . 4 .  

4.3 Generalized Thermal Equilibrium Equations 

The thermal equilibrium equations for the configuration of 

Figure 4.1 may be written as follows. 

Equilibrium of the primary surface: 

1 

( 4 3  
i - - solar energy + internal + secondary IR 

absorbed dissipation absorbed 

Equilibrium of the 

energy radiated - 
(all surfaces) 

- 

+ 

c secondary surface: 

solar energy reflected 1 + direct solar 
energy absorbed from primary surface 

IR from primary 
surface absorbed + lunar IR 

absorbed 
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The general form of the equilibrium equations for conical 

secondaries remains the same as for planar secondaries in Section 

3.0. Only three terms of equation 4 . 4  require formulation different 

from the equilibrium equations for planar dual surface configurations. 

They are: 

4 = CIE (A energy radiated 
all surfaces 2 2BtA2TIT2 

direct solar energy = A 
absorbed s2 eff 

4 +A F lunar IR = o E  (A 
absorbed L 2BF2BL 2T 2TLITL '2 

where A2B = area of the bottom of the secondary surface 

A2T = area of the upper secondary surface 

( 4 . 5 )  

= effective absorbing area of the secondary Aeff 

geometric view factor of the bottom of the 
F2BL= secondary to the lunar surface (Reference 4 ) .  

The normalization of these equations follows in the same manner 

as for planar dual surface configurations by defining 
- 

A2B - '12BAl 

A2T - '12TA1 
- 

Aef f= '12TA1 

The normalized equilibrium equations for dual surface con- 

figurations with conical secondaries follow from equations 3.10, 

3.11, 4 . 5  and 4 - 6 .  
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Equilibrium of the primary surface: - 

4 P = Ga k sin(0) + + O E  k BF2BlT2 ‘1 4 
O‘lTl sl lx 2 12 (4.7) 

Equilibrium of the secondary surface: 

)T = Ga k + G (l-asl) klxsin ( 0 )  “2 (k12B + k12T 2 s2 12eff 

4 
( 4 . 8 )  “L (k12BF2BL + k12T F 2TL )T L ‘2 + O E ~ T ~ ~ F ~ ~ ~ E ~  

where the albedo term is included in the lunar IR term by 

setting ctL = 1.0. 

Equations 4.7 and 4 . 8  have been used to calculate the thermal per- 

formance of conical dual surface configurations in the computer 

analysis described in the following section. 

4.4 Computer Analysis 

This section presents the results of a systematic computer 

study based on equations 4.7 and 4 . 8  with the objective of identify- 

ing the shape of the conical secondary that yields the best overall 

thermal performance. General observations concerning conical 

secondaries are made and a specific example is discussed but 

detailed presentation of numerical results is not included. 

4.4.1 Cylindrical Secondaries - A comparison based on 

numerical results of cylindrical configuration relative to flat 

plate and conical shapes is given in Table 4.1. 
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levation at which 
aximum temperatures 
ccur 

Comparative Thermal Performance of Cylindrical 
Secondaries to Flat Plate and Conical Secondaries 

raises 

Solar elevation 

g o o  

Temperature of the primary 
surface using cylindrical 
secondary (relative to flat 
plate or conical secondaries) 

raises lowers 

dirty 

O 0  ' I  no change raises 

raises 

Three significant observations may be made concerning cylindri- 

cal secondaries: 1.) The results of Table 4.1 are consistent with 

previous conclusions drawn from equation 4.2; 2.) Since the maximum 

temperature is increased slightly and the minimum temperature is 

relatively uneffected under clean conditions, the cylindrical 

secondary is an inferior choice; 3 . )  The increase in temperature 

at 0 = 45O could not have been predicted from equation 4.2 since 

the requirement 0 - Y ?r - B is not satisfied. 

4.4.2 Conical Secondaries - Conical secondaries have 
the same qualitative effects in thermal performance as cylindrical 

secondaries (see Table 4.1) except that the maximum temperature 



under degraded conditions which is lower for certain conical 

secondaries. 

The maximum temperature of the primary surface under degraded 

conditions is slightly less than for flat plate and cylindrical 

secondaries but only for a small range of the angle B (approxi- 

mately 110' to 130'). This range represents the best tradeoff of 

solar and lunar IR absorption at the solar elevation for which 

maximum temperatures of the primary surface occur. 

value of B changes slightly with surface conditions but not enough 

to warrant consideration. 

The optimum 

The computer results for conical secondaries are again con- 

sistent with equation 4 . 2 .  First, for B = 180°, the results agree 

with previous results for flat plate designs. Second, increasing 

the value of H always decreases temperatures of the primary sur- 

face under degraded conditions for IT - B 5 0 < B and 2 5 B < IT. 
IT - - 

4 . 4 . 3  Optimum Conical Secondary - Example No. 5 (Figure 

4 . 5 )  represents a conical dual surface configuration with the best 

values of the separation parameter (S/D1) and the conical angle (6) 

as determined from numerical computer results for several iterations 

of S/D1 and B using equations 4 . 7  and 4 . 8 .  The parameter D2/D1 is 

set equal to one and not iterated since it has been shown (Section 

3.0) to have little effect on dual surface optimizaiton. The 

parameter P/A is set at the value of 1 3  watts/ft2 for purposes of 

comparison with previous examples. Figure 4 . 6  shows the thermal 

performance of the example No. 5 .  
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The thermal performance of this configuration is acceptable 

except at low solar elevations. For clean, dusty, and very dusty 

conditions the maximum temperature is less than 5OOC. At solar 

elevations less than 30°, the minimum temperature of the primary 

surface is below 5OC and must be raised in order to satisfy thermal 

requirements of the SEP receiver. 
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5.0 EXTENSIONS 

. 

Table 5.1 is intended as a summary of the relative performance 

of the various configurations. 

Also, this section briefly describes several other ideas for 

improving the thermal performance of simple dual surface configuratior 

It is intended as a guide for future work and, as such, attempts 

to convey concepts rather than quantitative results. It is felt 

that these ideas offer potential for designing lightweight thermal 

protection systems for electronic packages intended of mobile use 

In the dusty lunar environment. 

5.1 Solar Powered Heater 

One method of raising the minimun temperature of any configura- 

tion is to use solar cells to power an internal heater. This 

method would seem to have an advantage over alternatives such as 

a mechanical thermal switch because an electronic thermostat (switch) 

is probably inherently more reliable than a mechanical thermal 

switch. The major disadvantages of solar cells is the relative 

larger size and weight requirements for the solar panel due to the 

relatively low (10%) efficiency of energy conversion. 

An example (Figure 5.1) has been studied to determine the 

feasibility of this system. The following items were considered: 

(a) the degradation of solar cell performance under high temperatures, 

(b) the degradation of solar cell performance under dusty conditions, 

and (c) solar panel size required for achieving the minimum allowable 

temperature at low solar elevations. 

. 
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i H 
I I I” 

Figure  5.1 

2 P/A = 1 3  w a t t / f t  

B = 120° 

S/D1 = .25 

D2/D1 = 1 . 0  

H = D1 
P 

Dual  Sur face  Pesign with Sola r  Powered Heater, Example N o .  6 
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The following assumptions have been made for this example: 

1. Change from the nominal solar cell efficiency 
(10%) are linear with degrading surface condi- 
tions; i.e., a linear decrease from this 10% 
efficiency for clean conditions to 0 %  effi- 
ciency for dirty conditions. 

2. Degradation of solar efficiency is -.54% per 
degree centigrade above 27.8OC where the tem- 
perature of the solar array is determined on 
the basis of as = .85, E = .85 €or all dust 
conditions. 

3 .  The heater is controlled by an electronic 
thermostat (transistor and thermistor) set 
at 25OC which was chosen to be consistent 
with the thermal requirements of the receiver. 

The purpose of example No. 6 ,  which is dimensioned as shown in 

Figure 5.1, is to demonstrate the performance of a typical con- 

figuration designed to meet the SEP receiver requirements. This 

configuration is identical to example No. 5 except for the addition 

of the solar powered heater. 

No. 6 is shown in Figure 5.2. For clean conditions, the heater 

The thermal performance of example 

results in a flat curve at 25OC. For dusty, very dusty, and dirty 

conditions, the minimum temperature is less than 25OC at low solar 

elevations because under these conditions, the efficiency of the 

solar array is degraded and cannot supply enough electrical energy 

to heat the internal electronics. An interesting point is that for 

dirty conditions where the solar array is completely ineffective, 

the conical secondary absorbs enough solar energy to maintain 

minimum SEP thermal requirements (5 ' ) .  The solar array has no 

effect on temperatures above 25OC because the thermostat turns the 

heater off. This congiguration satisfies thermal requirements for 
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the SEP receiver under clean, dusty, and very dusty conditions 

but unfortunately, the maximum allowable temperature (5OOC) is 

exceeded for dirty conditions. 

5.2 Variable Area Systems 

Variable area systems are another means of controlling the 

temperature of the primary surface. By reducing the area of the 

primary surface at low solar elevations, the value of the ratio 

P/A Is increased and the temperature may be increased to very high 

levels by allowing the area to approach zero (equation 3.14). 

There are several methods for varying the area of the primary 

surface. On is the use of a simple bimetallic activator as shown 

in Figure 5.3. When the configuration is cold, the spring rotates 

the exposed radiative area underneath an insulating surface and 

replaces it with a nonradiative surface. As the temperature rises, 

the exposed radiative area is increased. Such a system is simple, 

lightweight, and has been frequently used in previous space 

applications. 

Another way of changing the radiative area of the primary 

surface is to manually remove or replace insulation covers on the 

radiative surface in order to alter the ratio P/A. This method is 

limited by the amount of astronaut interaction required and requires 

a visible temperature indicator to insure reliable temperature 

control. 

A fundamental limitation of all variable area surfaces is 

that they are only useful in increasing minimum temperatures--they 
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insulation 

bimetallic spring 

radiative area radiated area radiative area 
completely exposed partially exposed completely covered 

Figure 5.3 

Variable Area Mechanism Using Bimetallic Spring 
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cannot lower the maximum temperatures below those incurred by 

simple radiative surfaces unless, in addition, the astronaut is 

required to brush the dust from the control surfaces at appropriate 

intervals. However, by applying both the dual surface and variable 

area concepts to a design, the thermal performance of the configura- 

tion can be greatly improved with respect to both the minimum and 

maximum temperature. 

5.3 Multi-characteristic Dual Surface Configurations 

The thermal performance of dual surface configurations can be 

improved by using materials other than second surface mirrors for 

selective parts of the configuration. 

Consider the dual surface design of Figure 5.4. The effect 

of using a low emittance material for the bottom of the conical 

secondary is to reduce the amount of energy radiated from this 

surface to the primary and, in addition, to absorb less lunar IR. 

While both of these effects will decrease the temperature of the 

primary surface, the law emittance surface does reflect a large 

fraction of IR originating from both the lunar and primary sur- 

faces and; therefore, the decrease in radiated energy to the primary 

may be offset by the increase in reflected energy. 

Figure 5.5 shows a modification that does reflect nearly all 

IR from the primary surface "out" of the configuration but unfor- 

tunately still allows to be reflected "in". 
* 

One way of minimizing the effect of this reflected lunar IR 

would be to reduce the absorption of lunar IR by the secondary itself. 



low emittance surface 

. 

lunar 

Figure 5.4 

Multi-Characteristic Secondary 

primary IR reflected 
out of system 

Figure 5.5 

Modified Geometry of Multi-Characteristic Secondary 

IR shield 

t l o w  
h igh  

a. 
E 

1 
Fiwre 5.6 

Lunar I2 Shields usinq Xulti-Characteristic Materials 
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. 

It is not desirable, however, to reduce the emittance of the primary 

or the sides of the cone because this would cause the secondary 

temperature to increase. Instead, it is possible to "block" the 

lunar IR using multi-characteristic shields as shown in Figure 5.6. 

The upper surface of the shield has high absorptance to reduce the 

amount of solar energy reflected to the secondary and low emittance 

to reduce the IR energy radiated to the secondary. The bottom sur- 

face has high emittance so that a high percentage of the energy 

absorbed by the shield is radiated downward--away from the secondary. 

Again, it is important to note that these refinements are possible 

only if the surfaces do not become completely degraded. However, 

until the surfaces are completely degraded: i.e., a = .90, E = .85, 

multi-characteristic materials do provide some advantage over 
S 

single property materials. 

5.4 Glass Surfaces 

The use of transparent materials to improve thermal perfor- 

mance is a logical extnesion. The basic mechanism that enables 

multi-characteristic materials to improve thermal performance is 

the spectrally dependent nature of absorptance (as) and emittance 

( E ) .  Emittance is primarily in the infrared region while absorp- 

tance which is primarily in the visible light spectrum. 

Common types of glass are also spectrally dependent. Typically, 

glass is highly transparent (~"z.90) to visible light but nearly 

opaque to infrared radiation (rIR=.05). 

especially thermal "sandwich" glass, is a good insulator. Figure 5.7 

In addition, glass, 
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l una r  I R  s h i e l d  energy 

l u n a r  s u r f a c e  

l u n a r  I R  
r e f l e c t e d  

F igure  5 . 7  

G l a s s  used as a Lunar I R  Shie ld  

c o n i c a l  secondary 

opaque l u n a r  I R  
s h i e l d  

\ 

high absorp tance  
material  

/ g l a s s  

Figure 5 . 8  

Pass ive  Heater Design u s i n g  
G l a s s  Covered Absorbing Surface  
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. 

t 

shows the application of glass as a lunar IR shield. It is superior 

to a metallic IR shield in that it has the ability to limit IR 

incident on the secondary surface because it absorbs less energy. 

Under dirty conditions, of course, the performance of metallic 

and glass shields is the same. 

Glass also offers several interesting possibilities for con- 

trolling (raising) minimum temperatures of the primary surface 

more efficiently than does the solar powered . heaters (Section 5.1). 

Consider, for example, the configuration of Figure 5.8. The design 

is similar to example No. 6 (Figure 5.1) which was used to demon- 

strate the use of a solar powered heater. In this particular case, 

however, the glass acts both as an insulator and as an IR reflector. 

At low solar elevations under clean conditions, the glass transmits 

solar energy directly to the extended portion of the primary sur- 

face,thus, heating the configuration. As the sun rises, the extended 

absorbing area becomes shaded by the opaque lunar IR shield and the 

glass reflects lunar IR. Since the glass acts as a good insulator, 

the ratio P/A is not dependent on the area of the extended absorbing 

surface in any way. 

Under dirty conditions at high solar elevations, the surface 

of the glass becomes highly absorptive and emissive and absorbs 

lunar IR but very little energy is transmitted to the underlying 

surface because the glass serves as a good insulator. Thus, maximum 

temperatures are not effected by this extension. At low solar 

elevations, the transmissivity of the glass becomes zero under 

dirty conditions and no solar energy is transmitted to the extended 
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primary surface. However, under these conditions, the conical 

secondary absorbs sufficient solar energy operating temperatures 

for the SEP experiment as in example No. 5. 

This glass shield nethod fop raising minimum temperatures 

has significant advantages over the solar powered heater. First, 

the efficiency of the extended abosrbing surface in converting 

solar energy to thermal energy is approximately 80% as opposed to 

10% for the solar panels. . Second, the required absorbing area is 

much smaller (hence, less massive) than for solar panels. Third, 

a thermostat is not required and it becomes a completely passive 

design. As illustrated in Figure 5.8, the sun shield completely 

shades the extended absorbing surface at sun elevations just below 

the maximum temperature elevation. 

Work has not been completed on this multi-characteristic glass 

shield approach and, of course, there will, in all likelihood, be 

some significant mechanical and material problems associated with 

this configuration. However, the thermal performance afforded by 

this method is impressive and warrants reporting and further study. 
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6.0 CONCLUSIONS AND RECOMMENDATIONS 

1. 

2. 

3 .  

4 .  

5 .  

6. 

Planar dual surface configurations improve the 
thermal performance of single radiative surfaces 
by: i) raising temperatures at low solar eleva- 
tions (all surface conditions), ii) lowering 
temperatures at high solar elevations under dirty 
conditions, and iii) raising temperatures at high 
solar elevations under clean conditions. 

The parameter P/A may be used to raise temperatures 
of the primary surface to high levels by allowing 
the area to approach zero. Increasing the radia- 
tive area lowers minimum temperatures more than 
maximum temperatures. 

For dual surface configurations, an optimum value 
exists for the parameter S/D that minimizes the 
maximum temperatures incurrea and maximizes the 
minimum temperatures. The optimum value repre- 
sents the best balance between primary surface 
shading and secondary IR. 
the optimum value is S/D1 = . 2 5 .  

There is an optimum value of the parameter D /D 
but its effect is insignificant compared to $ha& 
of2the parameters P/A and S/D 

Multi-secondary configurations, using several 
planar surfaces, may be used to accentuate the 
effect of simple dual surface designs on thermal 
performance. This results in higher temperatures 
at low solar elevations and lower temperatures at 
high solar elevations. The effect at elevations 
for which maximum temperatures occur depends on 
the value of the parameter S / D  and an optimum 
value of S/D causes the maximam temperature to 
decrease a fhw degrees centigrade. 

For P/A = 13 watts/ft 

For P/A = 13 watts/ ft and S/D1 = .25, the optimum 1' value is D2/D1 = 1.1. 

A cylindrical secondary with H > >  R raises the 
temperature of the primary surface at low solar 
elevations (all surface conditions) and lowers it 
at high solar elevations (degraded conditions only) 
relative to a planar secondary surface. In all 
cases the cylindrical secondary raises the maximum 
temperature of the primary surface relative to flat 
plate secondaries. 
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7. Conical secondaries have the same general effects 
as cylindrical secondaries and for a small range 
of the angle 6,  conical secondaries reduce sme- 
what the maximum temperature incurred by the primary 
surface. A value of B = 120' yields the lowest 
maximum temperature and represents an optimum trade- 
off between absorbed solar energy and absorbed 
lunar IR at solar elevations for  which maximum 
temperatures occur. 

8 .  An electric heater powered by solar cells is a 
feasible method of raising primary surface tempera- 
tures at low solar elevations. It is possible to 
satisfy SEP receiver thermal requirements for 
clean, dusty, and very dusty conditions using a 
solar powered heater in a conical dual surface 
configuration (Figure 5.2, Table 5.1). Under 
dirty conditions, the solar cells are inactive 
but the conical secondary absorbs enough solar 
energy to maintain minimum allowable temperatures. 
However, for dirty conditions, the maximum allow- 
able temperature is exceeded rising to a maximum 
of about 83OC. 

9.  Further investigation of lunar dust contamination 
is needed. It would be desirable to know how much 
dust is required to cause a certain level of degrada- 
tion and what circumstances would create such a 
dust environment. A l s o ,  it would be useful to 
determine the mechanism (electrical, chemical, etc.) ' 

that causes strong adherence of lunar dust to sur- 
faces. This type of knowledge could lead to the 
design of nondegrading surfaces simply by preventing 
the accumulation of dust on surfaces. 

10. The ideas discussed in Section 5.0 offer potential 
areas for more detailed analysis and better thermal 
designs. In particular, the passive heating con- 
cept using a glass covered absorbing surface and 
the use of multi-characteristic surfaces appear 
both attractive in terms of performance and practical. 

11. A dual surface configuration using multi-characteristic 
materials with a conical secondary surface, lunar 
IR shields, and a glass covered absorbing surface 
appears to offer the best performance. Such a con- 
figuration would perform better than example No. 6 
which satisfied SEP receiver requirements for clean, 
dusty, and very dusty surface conditions. 
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APPENDIX A 

UNSHADED AREA OF THE PRIMARY SURFACE 

Objective 

The o b j e c t i v e  of t h i s  appendix i s  t o  d e r i v e  a g e n e r a l  

fo rmula t ion  f o r  t h e  exposed area of a c i r c u l a r  pr imary s u r -  

f a c e  when shaded by a circular secondary s u r f a c e  a t  va ry ing  

so la r  e l e v a t i o n s .  F i g u r e  A . l  shows a s i d e  view of t h e  b a s i c  

dual  s u r f a c e  node l ,  w i th  t h e  n o t a t i o n  t o  be used i n  t h i s  de- 

r i v a t i o n .  

F i g u r e  A.l - S i d e  V i e w  ,of Dual Sur face  Model 

Procedure  

F i g u r e  A.2 shows t h e  apparent  d i sp lacement  of secondazy 

and primary s u r f a c e s  due t o  so la r  e l e v a t i o n .  Fr?T t h i s  f i g u r e ,  

2 = x 2  + (y + L) R1 

2 2 2 R2 = x  + y  



6 6  

and s o l v i n g  f o r  t h e  y c o o r d i n a t e  of p o i n t  P ,  

2 2 2 R1 - R2 - L 
Y =  

2L 

where R1 = r a d i u s  of t h e  pr imary s u r f a c e  

R2 = r a d i u s  of t h e  secondary s u r f a c e  

O1 = a n g l e  d e f i n g  segment one 

= ang le  d e f i n g  segment t w o  O2 

L = appa ren t  d i sp lacement  of t h e  c e n t e r  of t h e  
t w o  s u r f a c e s  

L = s c o t ( 0 )  

Ax = t h e  exposed area of t n e  primary s u r f a c e  

(nega t  
i n  t h  

ive  quant  
is  f i g u r e  

\ A  = exposed area of X 
surf ace 

primary 

F i g u r e  A . 2  - Apparent Displacement of Secondary 
and Primary S u r f a c e s  
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Figure A.3 shows the breakdown of Ax into two segments 

for purposes of calculation. 

Aseg 2 

Figure A.3 - Breakdown of Ax into Segments 

Calculation of Ase 1 I  Ase 2 I  Ax 

From Figure A.3 

Figure A.4 - Area of a Segment 
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F r o m  F i g u r e  A . 4 ,  t h e  area of a s e g m e n t  (A ) i s  given by 
seg 

2 
rR2 - 1 / 2 R  s i n  (a) ( A . 5 )  seg  IT 

a - - -  A 

can be calculated f r o m  e q u a t i o n  Segments Aseg 1 and Ascg 2 
( A . 5 )  as s h o w n  b e l o w .  

2Q = nR2 2 t xy Aseg 2 28 

1 w h e r e  O 2  = 2Sin (- 
-1 x 

R2 

x = J R 2  2 - y  2 

2 2 - L  2 
R1 - R2 

2L Y =  

nR 2O 
21T + x ( L  + y)  - S i m i l a r l y ,  Aseg - 

2 

+ x (L + y) - - @lRl 
Aseg 1 2 

(A. 7)  

w h e r e  = 2 Sin-’ ( 
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-1 A X = R~~ S i n  

From Equations A . 4 ,  A.6 and A.7, 

R12 - R - S 2 2  cot (0) 2 2 
R2 - 2s cot (0) 

L R1 

2 - s cot2 (0) + L  R1 - R2 
2 

2L 

1 2 - s cot2 (0 )  
2 

2 s i . n - l I 2 2  - R1 - R2 
2 s  co t  ( 0 )  

- R2 

1 R1 J 
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APPENDIX B 

EFFECTIVE ABSORBING AREA OF CONICAL SURFACES 

O b  j ec t i ve 

The o b j e c t i v e  of t h i s  appendix i s  t o  o b t a i n  a general  

forniulat ion f o r  t h e  e f f e c t i v e  absorb ing  a r e a  of v a r i o u s  c o n i c a l  

s u r f a c e s  when exposed t o  t h e  s o l a r  f l u x  a t  so la r  e l e v a t i o n s  

f r o m  OO t o  goo. Severa l  s p e c i a l  cases of c o n i c a l  s u r f a c e s  are 

shown i n  Figure,  B.l. Der iva t ions  of area f o r  t h e  i n v e r t e d  

t r u n c a t e d  cone  w i l l  be shown because t h i s  s u r f a c e  a l lows  t h e  

most convenient  c o o r d i n a t e  system f o r  a n a l y s i s .  R e s u l t s  f o r  

t h e  non- inver ted  cases are s i m i l a r ,  and w i l l  be s t a t e d  b u t  n o t  

de r ived .  Note t h a t  t h e  non-truncated cone may be cons idered  a 

s p e c i a l c a s e  of t h e  t r u n c a t e d  cone, w i th  t h e  r a d i u s  of  t h e  t run -  

cated end equa l  t o  zero ,  and t h e  c y l i n d e r  a s p e c i a l  case w i t h  

e q u a l  end r a d i i .  

i n v e r t e d  t r u n c a t e d  i n v e r t e d  cone 
cone c y l i n d e r  cone t r u n c a t e d  

cone 

F igu re  B . l  - C o n i c a l  Su r face  Considered i n  
Appendix B 

E f f e c t i v e  absorbing area (A ) i s  t h e  p r o j e c t e d  area of e f f  
a c o n i c a l  s u r f a c e  exposed t o  d i r e c t  solar  f l u x .  The a r e a  i s  

p r o j e c t e d  i n  a p l ane  normal t o  t h e  solar  f l u x .  F igu re  3.2 

shows a p e r s p e c t i v e  view of t h e  exposed area of an  i n v e r t e d  

t r u n c a t e d  cone. 
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F i g u r e  B .2  - Perspec t ive  V i e w  of Absorbing A r e a  
of an  Inve r t ed  Truncated Cone 

F igure  B . 3  shows a s i d e  view of an  i n v e r t e d  t r u n c a t e d  

cone wi th  t h e  n o t a t i o n  to  be used i n  t h e  a n a l y s i s .  

R2T = r a d i u s  of t o p  of c o n i c a l  

RZB = r a d i u s  of bottom of c o n i c a l  

H H = h e i g h t  of c o n i c a l  secondzry 

secondary 

secondary 

B = a n g l e  of c o n i c a l  side w i t h  
r e s p e c t  t o  h o r i z o n t a l  

F i g u r e  B.3 - S i d e  V i e w  of I n v e r t e d  Truncated Cone 
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Figure B . 4  shows the area projected into a plane normal 

to the solar flux, and set up in a coordinate system for analysis. 

= 2  L = apparent displacement of 
top and bottom of conical 
secondary due to solar 
elevation ( L  = H cos(@)) 

)C-----R 2T 

Figure B . 4  - Effective Area Coordinate System 

The calculation of Aeff may be simplified by breaking it 
- 
Aseg t + Aseg b into three segments, such that Aeff = A  trap 

as shown in Figure B . 5 .  

Figure B . 5  - B r e a k d o w n  of Aeff into Simpler Area 
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Figure B.4 shows the area projected into h plane normal 

to the solar flux, and set up in a coordinate system for analysis. 

= apparent displacement of 
top and bottom of conical 
secondary due to solar 
elevation (L = H cos(0)) 

-4 
rR2T 

Figure B.4 - Effective Area Coordinate System 

The calculation of Aeff may be simplified by breaking it 

Aseg t + Aseg b 
- - - 

Atrap into three segments, such that Aeff 

a s  shown in Figure B.5 .  

Figure B.5 - Breakdown of Aeff into Simpler Area 
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and A trap' Aseg tl segb Calculation of A 

The top and bottom cizcular areas of a truncated cone 

appear as ellipses when viewed from an oblique angle. Refer- 

ring to Figure B.4, the equations for top and bottom ellipses 

are as follows. 

2 - x  y = -sin(@),/ RZT 2 

(negative root to maintain consistency 
with Figure B.3; lower half of ellipse) 

( y  4- u 2  - (bottom ellipse) (B.3) 
2 

2 - R2B + X - 
l2 sin ( 0 )  

2 - x  2 y = -L - sin(0) J R2B 
(negative root for lower half of ellipse) 

1mpli.cit differentiation of equation B.l yields 

x sin(@) 2 -2x sin (0) - - d Y  = - 
dx 2Y 

2T 

The coordinates of points P and P 2  in Figure B.4 are 1 

. 

- R2B 

R2T P1 = ( x ' , y ' ) =  (x- -L -sin(O) 



, 
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The s l o p e  of l i n  l a n d  t h e  s l o p e  of t h e  e l l i p s e s  i n  

F i g u r e  B.4 must  be equa l  a t  p o i n t s  P 

t a n g e n t  'at t h e s e  p o i n t s .  

and P2 s i n c e  l i n e  1 i s  1 

9 = y - Y '  
dx x - x' 

Equat ion B.6 may be so lved  f o r  c o o r d i n a t e s  o f  P2 i n  t e r m s  

of R 2 B t  R2Tl 0, and H. 

x - x %  

R2T 

2 
R2B i- 2R2BR2T - R2T -2- - sin (0)  

RZTsin (0)  

L 

x =  

(B. 7) 
where t h e  p o s i t i v e  root i s  t aken  

for t h e  r i g h t  hand s i d e  of t h e  
e l l i p s e ,  and L = Hcos(0) 

The va lue  of x may now be used t o  c a l c u l a t e  t h e  a r e a s  of 

t h e  t r a p a z o i d  and segments (see F igure  B . 5 )  

= z .  
* t rap  

0 

2 
where z = (Hcos(O) - RZTcos( - T) + 

0 

2 
RZBcos( I B ) )  
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. 
- OB - OT since the ellipses are 

qeorile tric a l l y  s imi 1 ar 

Aseg t 2 2T 

R2H for R2T 

sin (0) Aseg b = 
- x- R2R OB OB 2 

R2T COS (-) R2B 2 2 R2B 

' R2B for R2, 

llsing equations B.8, B.9, and B.lO, the effective 

a . h ~ o r ? ~ , i n g  area of a cone may be calculated as 

- - - 
Aeff A t r a p  Aseg t +- Aseg b 

T i  of conical surface with 6 > - For determining Aeff 2 

become the equations for Aseg and Aseg b 

r 

(B.9) 

(B. 10) 

(B. 11) 

for RZT < R2B 
( B .  12) 

< R 2 B  for RZT 
(B .  13) 
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